Acute lung injury in humans is characterized histopathologically by neutrophilic alveolitis, injury of the alveolar epithelium and endothelium, hyaline membrane formation, and microvascular thrombi. Different animal models of experimental lung injury have been used to investigate mechanisms of lung injury. Most are based on reproducing in animals known risk factors for ARDS, such as sepsis, lipid embolism secondary to bone fracture, acid aspiration, ischemia-reperfusion of pulmonary or distal vascular beds, and other clinical risks. However, none of these models fully reproduces the features of human lung injury. The goal of this review is to summarize the strengths and weaknesses of existing models of lung injury. We review the specific features of human ARDS that should be modeled in experimental lung injury and then discuss specific characteristics of animal species that may affect the pulmonary host response to noxious stimuli. We emphasize those models of lung injury that are based on reproducing risk factors for human ARDS in animals and discuss the advantages and disadvantages of each model and the extent to which each model reproduces human ARDS. The present review will help guide investigators in the design and interpretation of animal studies of acute lung injury. acute respiratory distress syndrome; human lung injury
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THE CHALLENGE OF MODELING HUMAN LUNG INJURY
Acute lung injury (ALI) and its most severe manifestation, the acute respiratory distress syndrome (ARDS), is a clinical syndrome defined by acute hypoxemic respiratory failure, bilateral pulmonary infiltrates consistent with edema, and normal cardiac filling pressures (5, 235) . The fundamental mechanisms that initiate and propagate the lung injury have not been defined completely, despite almost 35 years of intense investigation. Human studies have provided important descriptive information about the onset and evolution of the physiological and inflammatory changes in the lungs. This information has led to hypotheses about mechanisms of injury, but for the most part, these hypotheses have been difficult to test in humans because of the many clinical variables that are difficult to control in critically ill patients.
Animal models provide a bridge between patients and the laboratory bench. Hypotheses generated in human studies can be tested directly in animal models, and the results of studies in more simple in vitro systems can be tested in animal models to assess their relevance in intact living systems. Mechanistic studies can be performed either by treating normal animals with inhibitors that block key steps in specific pathways or by creating animals with specific gene alterations to test the importance of single gene products or pathways. Without animal models there would be no way to test clinical hypotheses generated in patients using intact biological systems, and there would be no way to validate the importance of fundamental laboratory findings without going directly to human experimentation.
Animal model studies are most helpful if the characteristics of the model are directly relevant to humans. Animal model studies are also valuable if they show that a concept proven in cellular or subcellular systems is relevant in a complex animal, even if the human relevance of the specific animal model is uncertain. This is often the case when basic laboratory observations are tested in mice. For example, showing that an inhibitor of a specific cellular pathway protects mice from sepsis or oxidant-induced lung injury suggests that the pathway is important in living animals, but the findings need to be tested further in models closer to humans. Animal studies are hierarchical, as studies with mice or lower animals are relatively simple and rapid to do, but the relevance for humans is limited. On the other hand, studies in primates are relevant for humans, but are complex to organize, require scarce resources, and are expensive.
The purpose of this review is to summarize the strengths and weaknesses of different types of animal models that have been used to study the mechanisms and treatment of ALI. We will review the characteristics of human lung injury that need to be modeled in animal systems and then discuss the characteristics of different animals that need to be considered in designing experimental studies. We will summarize model systems that have been used and the major experimental findings. Last, we will suggest new directions that need to be considered in refining the use of animal models for the study of ALI in humans.
What Should A Model Model?
Ideally, animal models of ALI should reproduce the mechanisms and consequences of ALI in humans, including the physiological and pathological changes that occur (Table 1) . Because the responses of the lungs to injury change with time, the evolution of the injury and repair should also be reproduced in the model, even if specific studies focus on a narrow time frame. In humans, the intrapulmonary inflammatory response begins before the onset of clinically defined ALI and is most intense in the first 3 days after the onset of ALI/ARDS (78, 158) . The acute inflammatory phase is followed by a chronic fibroproliferative phase in patients who remain intubated and mechanically ventilated. In patients who survive, pulmonary function tests often show restriction, consistent with the parenchymal fibrosis seen in lung biopsies or autopsy specimens (137, 173) .
The acute physiological changes at the onset of ALI/ARDS in humans include severe hypoxemia that is usually responsive to positive end-expiratory pressure (PEEP) and a fall in total thoracic compliance caused by reduced lung compliance. A marked increase in extravascular lung water is caused by an increase in endothelial and epithelial permeability, associated with an impairment in the ability of the alveolar epithelium to actively clear alveolar fluid (37, 134, 193, 234) . These changes cause severe ventilation/perfusion mismatching and an increase in shunt fraction. Studies that have sampled lung alveolar fluids either by bronchoalveolar lavage (BAL) or by direct aspiration of edema fluid using deep airway suction have shown that the hallmark is an acute neutrophilic inflammatory response with fibrin-rich proteinaceous exudates containing an array of pro-and anti-inflammatory cytokines (reviewed in Ref. 165) . ALI/ARDS also occurs in neutropenic patients, when alveolar structures are damaged by ionizing radiation or chemotherapeutic agents (156) . Markers of the fibrotic response such as procollagen peptide III are evident as soon as the lung injury begins (29, 130) and are greatest in patients who die (29, 130) . Surfactant abnormalities were suspected when ALI/ARDS was first described, and abnormalities of surfactant composition and function have been described in a number of studies (80, 81, 164) .
Detailed studies of lung pathology in patients at the onset and during the course of ALI/ARDS are limited, and information is derived from the study of the lungs of patients who died or underwent late open lung biopsy (6, 10) . These studies confirm the severe epithelial and endothelial injury and the late fibroproliferative response (Fig. 1) . The injury to the epithelium tends to be more pronounced than the endothelial injury (10) , but endothelial injury and microvascular thrombi are detectable, supporting angiographic findings in humans with ALI/ARDS (218) . The hallmark of the late fibroproliferative response is injury of the alveolar basement membrane, with fibroblast proliferation and increases in types I and III collagen in the alveolar walls and the alveolar spaces (173) .
To simulate human ALI/ARDS, animal models should reproduce the acute injury to the epithelial and endothelial barriers in the lungs and the acute inflammatory response in the air spaces. Ideally, the injury should evolve over time if the animals are supported for prolonged periods. One of the most difficult aspects of modeling human ALI in humans is that the lungs of humans can be affected by the mechanisms involved in the primary illness (e.g., sepsis) and/or they can be affected by therapeutic modalities used for supportive care (e.g., mechanical ventilation) (224) . This increases the complexity of the ideal animal model of lung injury, as it requires the incorporation of specific treatment modalities into experimental protocols, adding additional variables to the experimental design.
No single animal model reproduces all of the characteristics of ALI/ARDS in humans, and most of the existing animal models are relevant for only limited aspects of human ALI/ ARDS. Nevertheless, if the characteristics of an animal model are well understood, and the results are interpreted within the limits of the specific model, animal studies can provide focused tests of key elements of the lung injury response in humans.
UNIQUE CHARACTERISTICS OF ANIMAL SPECIES IN MODELING HUMAN LUNG INJURY
A number of different animal species have been used to study lung injury, yet there are important and sometimes major differences among animal species in responses to injury, particularly injury in response to microbial products. This section highlights some of the critical species differences that should be considered when modeling human lung injury. In addition, special considerations such as size, availability of speciesspecific reagents, and the use of genetically modified animals are discussed.
Species Differences in the Innate Immune Response
Species differences in Toll-like receptors. Early investigators studying the physiological consequences of endotoxin recognized that differences existed between animal species in the development of ALI (123) . Because humans and mice diverged as separate species millions of years ago, they have adapted to pathogens that are specific to their unique environmental niches, so it is not surprising that differences exist in the innate immune response of humans and mice to microbes and microbial products. Leukocytes and some mesenchymal cells of humans and lower animals recognize microbial products via a group of specialized pattern recognition receptors called Toll-like receptors. The work of Hajjar and colleagues (83) account in selecting animal models of ALI for specific experimental protocols. Species differences in the mononuclear phagocyte system. The mononuclear phagocyte system (MPS) is composed of macrophages and macrophage precursors such as blood monocytes. Intravascular macrophages directly face the circulation where they can bind to and ingest microorganisms, endotoxin, and particles circulating in blood. The distribution of intravascular macrophages varies across species. In many species, intravascular macrophages are restricted to the spleen and liver, e.g., splenic macrophages and Kupffer cells. But in some species, the lungs contain pulmonary intravascular macrophages (PIM), a resident population of mature macrophages that adhere to endothelial cells in pulmonary capillaries.
The PIM are found in the lungs of many species including sheep, cattle, pigs, cats, goats, horses, and cetaceans. In species that have PIM, particulate matter and LPS in blood are localized to the lungs. In contrast, species that lack PIM such as the dog, rat, mouse, rabbit, and non-human primates, localize particulate matter in blood to the liver and spleen (24) . Most evidence suggests that PIM are not part of the MPS in normal humans (236) . The role of PIMs in the development of lung injury was investigated in studies through depletion of these macrophages in sheep, which decreased endotoxin-induced lung injury (206) . Therefore, the presence of PIM increases the susceptibility of a species to lung injury (Table 2) , which should be taken into account when developing animal models of human lung injury (236) .
Species differences in nitric oxide. Clinical studies and animal models suggest that nitric oxide (NO) is involved in the pathogenesis of lung injury (202, 232) , and important speciesdependent differences in NO pathways have been described. For example, the production of NO during the TLR-mediated antimicrobial response to Mycobacterium tuberculosis varies among species. In humans, macrophages kill M. tuberculosis through a vitamin D-dependent response (127) . In contrast, mice, nocturnal animals with minimal exposure to sunlight, have developed a TLR-mediated pathway in macrophages, which kills M. tuberculosis through NO-dependent mechanisms (216) . Additional studies show that human and rodent macrophages differ significantly in their ability to produce NO. Rodent macrophages produce large amounts of NO, whereas normal nonactivated human macrophages make very little NO (187, 188) . Macrophages of cattle produce NO, whereas macrophages of hamsters, monkeys, goats, and pigs are more like human macrophages and generate very little NO (48, 104, 106, 188) . Variability in the production of NO by macrophages of different species must be taken into consideration when extrapolating results from animal studies to humans (Table 2) .
Species differences in chemokines and chemokine receptors. CXCL8/interleukin-8 is a potent neutrophil chemotactic factor that has been implicated in the pathogenesis of ALI (15, 139) . Fig. 1 . Human ARDS. Photomicrographs from the lungs of 2 different patients with ARDS stained with H&E. The alveolar spaces are filled with a mixed mononuclear/ neutrophilic infiltrate, the alveolar walls are thickened, and the septae are edematous. Note the presence of cellular debris and proteinaceous material in the air spaces (A, magnification ϫ200; B, ϫ400). In later stages, there is a fibroproliferative response with collagen deposition in the alveolar walls (arrows). Note that the alveolar epithelium has been replaced with cuboidal cells (arrowheads). Magnification in C, ϫ200; D, ϫ400. CXCL8 and related CXC-chemokines are produced by all species in response to bacterial products. Mice and rats lack the gene for CXCL8 but produce two related CXC chemokines, KC and macrophage inflammatory protein-2 (MIP-2). KC and MIP-2 share more sequence identity with human CXCL1-3/ GRO␣, ␤, and ␥ than they do with CXCL8 (253) but are considered the functional homologs of human CXCL8 because of their critical role in the recruitment of neutrophils into lungs (219) . Recent work by Fan and colleagues (58) demonstrated that mice express two CXC-receptors, CXCR1 and CXCR2, similar to humans, and that human CXCL8 and mouse GCP-2/CXCL6 bind murine CXCR1. In contrast, murine MIP-2 and KC activate neutrophils by binding to murine CXCR2 and do not bind to murine CXCR1. Additional work is needed to determine the role of murine GCP-2/CXCL6 in the development of ALI in mice.
Special Considerations
Animal size. Animal size is an important consideration in selecting animal models of ALI. This is especially true when physiological parameters such as arterial oxygen tension and mean arterial pressure are monitored (135) . Until recently, body size has prohibited the measurement of physiological parameters in mice. With the development of small implantable radiotelemetry transmitters, the measurement of systemic blood pressure, heart rate, and temperature is now possible in unrestrained mice, although it remains difficult and expensive (27) . Size is also an important consideration for the collection of blood. It is easier to obtain sufficient quantities of blood or to obtain multiple blood samples in larger species such as the rabbit or nonhuman primates. The ability to obtain multiple blood samples is important when the study design requires monitoring of physiological parameters, such as blood gases, plasma cytokines, and leukocyte counts over time. Conversely, cost constraints, the amount of reagent required, and availability can limit the use of larger species.
Species-specific reagents. Investigators are often faced with a lack of species-specific reagents to measure inflammatory mediators, receptors, or other proteins, which are involved in the pathogenesis of ALI. To circumvent this problem, crossspecies reagents have been used. In several studies in which comparisons were made between species-specific and crossspecies ELISAs, species-specific ELISAs produced more sensitive and specific results (107, 108) . While this does not exclude their use, cross-species ELISA may underestimate the amount of a specific protein in a biological sample.
The Mouse as a Tool to Study the Biology of ALI
Mouse models of human disease are widely used because of the availability of specific reagents and the development of genetically modified mice that can be used to evaluate the physiological function of specific genes. Genetically modified mice have been used extensively in the study of inflammatory processes in the lungs. A number of excellent reviews of the production of genetically modified mice are available (56, 97, 203) (reviewed in Refs. 22, 41, 91, 252 ). An important consideration when using genetically modified mice is the selection of appropriate controls to eliminate genetic and environmental background effects (200) . The best controls are congenic mice, which are essentially isogenic with an inbred strain of mice except for the gene of interest. Another option is to use the offspring of heterozygous breeding pairs, so that age-and sex-matched littermates can be used to minimize environmental and genetic variability. From a practical standpoint it is often difficult to use congenic mice or the offspring of heterozygous breeding pairs because of the number of animals involved. However, it is important to understand how to select appropriate controls for experiments using transgenic mice so that robust conclusions can be drawn about the function of specific genes.
ALI has many etiologies, suggesting that numerous genetic, environmental, and developmental factors are involved in the progression of this clinical syndrome. In recent years, genomic, proteomic, statistical, and computational resources have been applied to developing animal models that can be used to investigate complex genetic traits. Specific examples include association mapping in classic inbred mouse strains (32, 160) . By taking full advantage of the genetic power of mice, investigators will be able to better understand complex disease processes such as ALI. However, it is also important to remember that mice and humans have evolved under different evolutionary pressures, so caution is needed when extrapolating findings in mouse models to human disease.
AGENTS TO INDUCE LUNG INJURY/MODEL SYSTEMS
Most animal models of ALI are based on clinical disorders that are associated with ALI/ARDS in humans. These include sepsis, multiple transfusions, multiple trauma, aspiration of gastric contents, and reperfusion of ischemic tissues (95, 163) . Exposure to high concentrations of oxygen is another factor associated with ALI, but the data linking exposure to high concentrations of oxygen with the development of human lung injury are limited (12) . Investigators have tried to reproduce each of these risk factors in a variety of animals, and the frequency with which each model has been reported in the English literature within the past 5 years is shown in Table 3 .
In this section, we will review models of lung injury that target primarily the vascular endothelium, the alveolar epithelium, or more than one site. We will emphasize the similarities and differences between each model and human lung injury, comment on species variability within each model, and identify the major advantages and disadvantages of each model (Table 4) . Particular emphasis has been placed on models that attempt to reproduce an acute neutrophilic alveolitis similar to that seen in ARDS. 
Models That Target Primarily the Capillary Endothelium
Oleic acid. Basis for the model: oleic acid (cis-9-octadecenoic acid) is the most common free fatty acid in mammals, representing 60% of the free fatty acid pool (61) . Oleic acid also represents ϳ50% of the total fatty acids present in pulmonary emboli in patients with long bone trauma (198) . The oleic acid model was developed as an attempt to reproduce ALI due to lipid embolism (191) .
Mechanism: oleic acid is directly toxic to endothelial cells at concentrations of 5 ϫ 10 Ϫ4 M in vitro (17) . Within 1 min of intravenous oleic acid administration (0.04 ml/kg in dogs), electron microscopy reveals severe vacuolation of endothelial cells, and passage of an intravascular marker, Evans blue dye, into the subendothelial space (144) . The damage to the endothelium appears to be due to necrosis, rather than apoptosis (96) . Endothelial injury is followed by epithelial injury, with swelling and necrosis of type I cells, but no evidence of apoptosis (96) . Within 30 min, oleic acid becomes detectable in the air spaces. Oleic acid is not detected intracellularly and remains in the extracellular space and the air spaces (17) . The actual mechanism whereby oleic acid induces cell death is not clear, but direct membrane damage is likely to be an important event.
Technical issues: oleic acid is insoluble in water and must be dissolved in ethanol or emulsified in blood before administration. It can be administered via a peripheral vein, a central vein, or directly into the right atrium or the pulmonary artery. Because of the need for intravenous administration, oleic acid has been used more extensively in rats and larger animals than in mice. Regardless of the route of intravenous administration (peripheral vs. central), the effects of oleic acid are evident almost immediately (247) . Single doses of oleic acid lead to ALI that is greatest at 12 h and decreases towards 24 h, whereas repeated doses result in pulmonary fibrosis (44).
Characteristics of the lung injury: oleic-acid lung injury is characterized by an early phase of necrosis and microvascular thrombosis, followed by a repair stage with proliferation of type 2 cells and fibrotic foci in subpleural areas (44). Microscopically, the injury is multifocal and heterogeneous, with some areas showing only minimal changes; other areas show interstitial edema and varying degrees of air space edema, and some areas show extensive hemorrhagic infiltration with fibrin deposition (74, 221) (Fig. 2 ). There is neutrophilic infiltration, but the injury is not dependent on PMN, suggesting that a direct effect of oleic acid on the endothelium is the critical event (105) . Electron microscopic examination reveals necrosis and detachment of alveolar epithelial cells, necrosis of endothelial cells, and exposure of the basement membrane on both the epithelial and the endothelial sides (221) . On macroscopic examination, the lungs show patchy areas of hemorrhage and edema, which become confluent in dependent areas. Nondependent areas are usually spared (44, 46). The histological changes of oleic acid lung injury are associated with marked functional changes. Pulmonary microvascular permeability is markedly increased, with elevation of extravascular lung water and leakage of protein-rich fluid into the interstitium and the air spaces (46, 247). These changes in alveolar permeability are proportional to the dose of oleic acid, develop within 1 h of administration, and are rapidly reversible, with the alveolar fluid clearance normalizing within 8 h (54). There are also severe alterations in gas exchange, with respiratory acidosis, hypoxemia, and increased alveolar-arterial oxygen difference within 90 min of intravenous administration (40, 46, 170, 221). The gas exchange alterations result from severe ventilation/perfusion (V/Q) mismatching, increased intrapulmonary shunt, and increased dead space ventilation (170) . The static lung compliance and functional residual capacity (FRC) fall rapidly, and mean airway pressure rises (40, 125). Systemically, the cellular damage induced by oleic acid becomes evident rapidly, and increases in circulating angiotensin converting enzyme (ACE) can be detected within 2.5 min after intravenous administration of 0.1 ml/kg to dogs (151) . The hemodynamic responses are dose dependent and are characterized by myocardial depression, early systemic hypotension, and pulmonary hypertension (40, 46, 125, 190, 231) .
Combination with other models: the intravenous administration of small doses of endotoxin markedly worsens gas exchange in the canine oleic acid model, primarily by increasing the distribution of blood flow towards injured areas (192) .
Advantages and disadvantages: the oleic acid model produces the basic characteristics of ALI, early and rapidly reversible patchy inflammatory lung injury with permeability changes and impairment in gas exchange and lung mechanics. A major advantage of this model is its reproducibility; the administration of the same dose of oleic acid by the same route to different animals is followed by a reasonably reproducible pulmonary injury. Oleic acid instillation provides an excellent model to study ventilatory strategies, lung mechanics, and V/Q distribution during lung injury in large and small animals. One disadvantage is the requirement for intravenous administration, which requires expertise in small animals like mice. One question is the extent to which this type of injury actually occurs in humans, because few cases of ARDS are associated with long bone trauma or lipid injury (95) , and there is no evidence that the pathophysiology of the injury caused by oleic acid (direct toxicity to endothelial cells) is similar to that underlying ARDS associated with sepsis and aspiration. Therefore, the oleic acid model is probably not as appropriate for studying the pathophysiology of ALI due to sepsis, or therapeutic strategies aimed at modifying host inflammatory responses to reduce the severity of lung injury.
Endotoxin. Basis for the model: LPS is a glycolipid present in the outer membrane of gram-negative bacteria that is composed of a polar lipid head group (lipid A) and a chain of repeating disaccharides (171) . Most of the biological effects of LPS are reproduced by lipid A (189), although the presence or absence of the repeating oligosaccharide O antigen influences the magnitude of the response (112) . In serum, LPS binds to a specific LPS binding protein (LBP) (131, 217) , forming an LPS:LBP complex that activates the CD14/TLR4 receptor structure on monocytes, macrophages, and other cells, triggering the production of inflammatory mediators (211, 244, 249) (Fig. 3, C and D) . LPS is an important mediator of sepsis in response to gram-negative bacteria, and systemic administration of LPS was one of the earliest approaches used to model the consequences of bacterial sepsis.
Mechanism: following intravenous administration of LPS, the capillary endothelium is the initial site of injury. The cellular injury induced by LPS appears to be related to apoptosis, in contrast to the oleic acid model, in which the injury is due to a direct toxic effect resulting in necrosis. Apoptosis of endothelial cells develops rapidly following administration of LPS and precedes other tissue damage (72, 230) . Systemic treatment with the broad-spectrum caspase inhibitor Z-VAD.fmk blocks apoptosis and improves survival in mice treated with intravenous LPS (111) .
The hemodynamic response to intravenous LPS is characterized by an initial phase of leukopenia, decreased cardiac output, and a fall in arterial pressure. There is an increase in pulmonary arterial pressure, which is due mainly to an increase in the resistance of postcapillary veins (123) . This initial phase is followed by slow improvement in leukocyte counts and the hemodynamic profile, over 4 -6 h. Changes in the lungs become evident within 2-4 h and include hypoxemia with an increase in the alveolar-arterial oxygen difference (A-a O 2 difference). In the lungs, the administration of LPS, either by intravenous or intra-alveolar routes, is followed by changes in PMN deformability and the entrapment of PMN in the pulmonary capillaries (176) . However, only small numbers of PMN migrate into the air spaces. PMN entrapment occurs before epithelial permeability changes or disruption of the alveolar/ epithelial barrier (9, 239, 241). In contrast, intratracheal LPS is followed by large increases in PMN in the air spaces. The alveolar walls are very thin, and the majority of the alveoli contain no cells (magnification in A, ϫ100; B, ϫ400). C and D: lungs from a mouse euthanized 18 h after intratracheal instillation of 5 ng/g LPS. Note the patchy nature of the injury (C, ϫ100) and the presence of inflammatory infiltrates and vascular congestion (D, ϫ400). E and F: lungs from a rabbit euthanized 2 h after exposure to mechanical ventilation with Tv ϭ 25 cc/kg, PEEP ϭ 2.5 cmH2O, FIO 2 ϭ 0.5, and RR ϭ 20 bpm. Note the presence of intraalveolar neutrophilic infiltrates and the deposition of hyaline membranes (E, ϫ200; F, ϫ630). G and H: lungs from a mouse euthanized 21 days after the administration of intratracheal bleomycin. Note the presence of fibrotic areas (arrows) (G, ϫ200; H, ϫ400). I and J: lungs from a mouse euthanized 12 h after aerosolization of Escherichia coli, 1 ϫ 10 8 cfu/ml. Note diffuse thickening of the alveolar spaces and intra-alveolar neutrophilic infiltrates (I, ϫ200; J, ϫ400). Hematoxylin and eosin.
LPS has been administered to humans via the intravenous and the intratracheal routes. Intravenous doses ranging from 2 to 4 ng/kg are associated with evidence of systemic inflammation and priming of alveolar macrophages (92, 169, 205) . The ability of intravenous LPS to cause septic shock was evident when a research technician self-administered 1 mg of Salmonella LPS intravenously, and within 3 h developed highcardiac output shock requiring intravenous pressors, disseminated intravascular coagulation, abnormalities of hepatic and renal function, and noncardiogenic pulmonary edema (213) . The intratracheal instillation of LPS at doses ranging from 1 to 4 ng/kg is followed by an early phase characterized by increases in BAL fluid PMN, albumin, and proinflammatory cytokines (TNF-␣, IL-1␤, IL-6, G-CSF, IL-8, ENA-78, MCP-1, MIP-1␣, and MIP-1␤) and a later phase 24 -48 h after instillation characterized by normalization of the BAL fluid cytokine concentrations and increases in the BAL fluid PMN, monocyte, macrophage, and lymphocyte counts (153) (Fig. 3 , C and D).
Technical issues: as discussed in UNIQUE CHARACTERISTICS OF ANIMAL SPECIES IN MODELING HUMAN LUNG INJURY, species responses to LPS are highly variable and differ in animals with and without PIM. Following treatment with small amounts of LPS, pulmonary inflammation occurs in sheep, calves, pigs, and cats, but not in rodents or dogs (242) . Animals with PIM develop manifestations of sepsis and lung injury with very small doses of LPS, e.g., in the g/kg range. In contrast, animals without PIM require much higher doses, in the range of mg/kg. In addition to species susceptibility, there are also differences in LPS responses between different strains of the same species. For example, BALB/c mice are very sensitive to LPS, whereas C57BL/6 mice are more resistant.
In addition to differences in the susceptibility of different species to LPS, the response of LPS depends on the type of LPS used. LPS from bacteria-forming smooth colonies have the O-chain, consisting of variable numbers of repeating disaccharides, and are less pyrogenic. LPS produced by bacteria growing in rough colonies lacks the O-chain and tends to be more pyrogenic (121) . LPS preparations often contain contaminants, such as bacterial lipoproteins, which may influence the biological effects of LPS by interacting with TLRs other than TLR4, which is the primary LPS receptor (211) .
Advantages and disadvantages: the use of bacterial LPS has a number of advantages as a method to model the effects of gram-negative bacteria in animals and humans. LPS is easy to administer, and the results tend to be reproducible within experiments. LPS is a potent activator of the innate immune responses via TLR4 pathways and has little direct toxicity to cells in vitro. Thus, the use of LPS provides information about the effects of host inflammatory responses, which occur in bacterial infections. LPS has some significant disadvantages, however. LPS preparations vary in purity and can be contaminated with bacterial lipoproteins and other bacterial materials (211) . In general, LPS treatment does not cause the severe endothelial and epithelial injury that occurs in humans with ARDS (239) . Bacteria produce exotoxins that are potent cellular toxins (122) and use effector systems such as the type III systems that cause direct cellular lysis (183) . Thus, LPS by itself provides an incomplete picture of the effects of live bacteria in the lungs.
Models That Target Primarily the Alveolar Epithelium
Acid aspiration. Basis for the model: the development of acute respiratory failure following aspiration of gastric contents was first described in 1946 by Mendelson (138) , and aspiration of gastric contents is now recognized as an important risk factor for ARDS (50, 95, 163) . One of the main characteristics of gastric contents is a low pH, so investigators have used hydrochloric acid (HCl) to simulate lung injury due to gastric acid aspiration in animals. However, it is important to keep in mind that in addition to low pH, gastric contents contain several other products such as food particles, bacterial cell wall products, and cytokines such as IL-1␤, and also have a very high osmolarity. All of these factors may contribute to the pathogenesis of aspiration-induced lung injury (118, 172) . An important consideration is that a very low pH is required to produce lung injury in animals, e.g., pH 1.5, lower than is typically measured in human gastric contents, but the low pH model remains widely used.
Mechanism: low pH acid aspiration is a neutrophil-dependent form of lung injury that is characterized by injury of the airway and alveolar epithelium, including type I alveolar epithelial cells, followed by a repair process that involves proliferation of alveolar type II cells (60, 117) . The evidence supporting the alveolar epithelium as a key target site of acid aspiration includes studies showing that acid aspiration causes an impairment in the alveolar epithelial fluid transport function, resulting in changes in alveolar fluid clearance independently of pulmonary blood flow or vascular filtration (136, 141) . However, acid aspiration also results in injury to the capillary endothelium, by a mechanism that appears to require circulating neutrophils (60, 117) . Although the exact mechanism of cellular injury is unclear, it is unclear whether the acid itself causes direct injury because it is rapidly neutralized in biological fluids that are buffered by proteins and the bicarbonate system (7).
Technical issues: acid injury is produced by instilling HCl directly into the trachea or bronchi while an animal is mechanically ventilated. Although HCl is rapidly neutralized in the lungs, the concentration of HCl affects the severity of injury. Most studies use 0.1 N HCl, although higher concentrations (up to 0.5 N) have been used. Because this results in a pH that is generally lower than that of gastric juice [most ICU patients have gastric juice pH in the range of 3.0 -4.0 (23)], an alternative method is to use 0.3% NaCl titrated with HCl to a pH of 1.2-1.5. This results in a solution with pH and osmolarity approaching the gastric juice of some patients.
Characteristics of the injury: the lung injury is characterized histologically by an acute inflammatory response with patchy areas of neutrophilic inflammation, alveolar hemorrhage, intraalveolar and interstitial edema, and impairment in the alveolar fluid clearance (Fig. 4) (136, 251) . The acute inflammatory response is followed by a fibrotic response that is evident ϳ1 wk after instillation (250) . The main physiological features are an immediate increase in airway resistance and peak pressures, a fall in lung compliance, and a decrease in the FRC. The vascular response includes elevation of the pulmonary vascular resistance and pulmonary arterial pressure, with an increase in the shunt fraction and dead space. The pulmonary capillary wedge pressure and heart rate remain unchanged, whereas the cardiac output and mean arterial pressure either decrease or remain unchanged (159) . The main systemic consequences are leukopenia and thrombocytopenia. Interestingly, the endobronchial administration of 0.1 N HCl is followed by an increase in microvascular permeability in the ileum, which can be blocked with antibodies targeting neutrophil adhesion molecules (anti-CD18) (207) , showing that acid aspiration in the lungs is linked to neutrophil-dependent injury to distant organs.
Advantages/disadvantages: the acid aspiration model is particularly useful for studying hemodynamic and physiological changes of ALI, ventilatory strategies, and mechanisms of neutrophil recruitment. Acid aspiration can also be used in conjunction with other techniques, such as mechanical ventilation, to further reproduce clinically relevant scenarios (60) . A limitation of the acid aspiration method is that the difference between injurious and noninjurious acid concentrations is very narrow. Another limitation is that humans do not aspirate HCl, but instead aspirate complex gastric contents, which is a suspension of particulate matter, bacterial products, cytokines, and a pH that is usually higher than 1.5. Further studies are needed to determine whether these differences between gastric fluid and HCl result in a difference between this model and the injury seen in humans following the aspiration of gastric contents.
Hyperoxia. Basis for the model: in most mammalian species, exposure to 100% O 2 eventually results in respiratory distress and death (67) . However, the same findings have not been reproduced in humans with normal lungs, who develop only mild increases in alveolar capillary permeability after 24 h of exposure to 100% oxygen, and no clinical or pathological evidence of lung injury when the exposure is extended to several days (12, 42) . Many clinicians suspect that oxygen may exacerbate and even cause ALI in critically ill patients, although there still is no conclusive evidence that oxygen either produces or exacerbates ARDS in humans (42). Hyperoxia has been used as a direct cause of injury in animal studies, and as a secondary injury in animals with another underlying injury process, such as cecal ligation and puncture (75) .
Mechanism: although the molecular basis of oxygen toxicity is still unclear, it is generally agreed that oxygen damage is mediated by reactive oxygen species (free radicals) derived directly from molecular oxygen, or from interactions with other species, such as NO.
Oxygen radicals have an unpaired orbital electron and act chemically as either reductants (electron donors) or oxidants (electron acceptors) (181) . During normal cellular respiration in the mitochondria, a small fraction of oxygen undergoes the addition of a single electron to form the superoxide anion (O 2
•Ϫ ). Superoxide anions can be protonated to perhydroxy radicals (HO 2 ⅐) or can react further to form hydrogen peroxide (H 2 O 2 ). Hydrogen peroxide and superoxide, in the presence of divalent metals, can react together to form hydroxyl radicals (OH⅐), which are extremely reactive. Normally, the small amounts of superoxide and hydrogen peroxide produced during cellular respiration are scavenged by antioxidant enzymes, such as superoxide dismutase, catalase, and glutathione peroxidase (69) . In the presence of hyperoxia, the mitochondria and other organelles produce increased amounts of superoxide anions (68) , which may exceed the capacity of antioxidant enzymes and consume cellular glutathione. Furthermore, superoxide anions react with NO to form peroxynitrite, a potent oxidizing molecule. There is evidence that peroxynitrite is formed in the lungs of hyperoxic humans (202) and animals and that induction of NO synthesis worsens hyperoxic lung injury (90) .
The accumulation of free hydroxyl radicals and peroxynitrite results in oxidation of proteins and peroxidation of membrane lipids and nucleic acids (68) . The mechanism of cellular injury appears to be a combination of necrosis and apoptosis (11, 93) , but the importance of apoptosis in the pathogenesis of oxygeninduced injury remains unclear. The lung epithelial cell line A549 becomes apoptotic in vitro when exposed to oxidants such as H 2 O 2 (65) . However, preexposure to oxygen inhibits the apoptotic response to H 2 O 2 , and this is mediated by activation of NF-B (65). In mice exposed to hyperoxia, neither the number of apoptotic cells nor the severity of injury is attenuated by caspase inhibitors, and Fas-null (lpr) mice and p53 knockout mice are not protected from hyperoxic lung injury (11) . However, disruption of the proapoptotic CD40-CD40 ligand system and overexpression of IL-6 each reduce the number of apoptotic cells and prevent hyperoxic lung injury (2, 233) .
Hyperoxia increases NF-B translocation in lung mononuclear cells and the production of proinflammatory mediators such as TNF-␣, IFN-␥, and IL-1␤ (152, 196) . However, the role of inflammatory cells such as PMN in hyperoxic injury is controversial. Although PMN accumulate in hyperoxic injury (63) , neutrophil depletion does not prevent either oxygeninduced lung injury or mortality in a rats, rabbits, mice, or lambs (174, 204) . Furthermore, hyperoxia enhances ventilation-induced lung injury by a mechanism independent of cytokine production and lipid peroxidation but involving changes in focal adhesion proteins (45, 201). Technique: to create hyperoxia as a cause of ALI, the animals are housed in a sealed cage, with an inflow of O 2 sufficient to keep the ambient PO 2 at or above the desired level (as measured by an oximeter) and CO 2 at ambient levels. The ideal cage allows the investigator to introduce food and remove waste through airlocks without altering the composition of gas in the cage.
Characteristics of the injury: the exposure to normobaric oxygen is followed within 3-4 days by an exudative phase in the lungs, characterized by death of alveolar type I cells, swelling, and necrosis of endothelial cells, interstitial edema, and filling of alveoli with an exudative fluid (38, 109). The initial event appears to be damage to the capillary endothelium, followed by platelet adhesion and PMN accumulation in the capillary vessels and interstitium (13, 82) . Eventually, alveolar epithelial injury occurs, with an increase in microvascular permeability measured as wet-to-dry (W/D) ratios and migration of neutrophils into the air spaces, as evidenced by increase in total numbers in BAL fluid (18, 20, 102, 148) . The pulmonary architecture is preserved during this early phase (82) . The initial exudative phase is followed by a proliferative phase, characterized by proliferation of endothelial cells and type 2 pneumocytes, which cover the denuded alveolar basement membrane. Fibroblast proliferation occurs while the endothelial damage persists. Recovery from oxygen injury is characterized by a normal-appearing endothelium and epithelium, with only some areas of interstitial scarring (109) . Interestingly, there is synergism between hyperoxia and infection, and the presence of bacterial pneumonia increases the morphological and physiological changes associated with hyperoxia (33).
In rats and mice, exposure to 100% O 2 for 40 -50 h results in ALI, and longer exposure (60 -70 h) results in death (13, 18, 63, 148) . Survival after exposure to O 2 is age dependent, as neonates are more tolerant to hyperoxia and survive for up to 7 days (67). Older rats (24 mo) are also more tolerant to O 2 toxicity (31). Interestingly, exposure to lower levels of O 2 (FI O 2 ϭ 0.8 or less) is associated with minimal mortality (13) . Rats exposed to 85% O 2 for 5-7 days can survive subsequent exposures to 100% O 2 (13) . This tolerance is not due to a decrease in the production of oxygen radicals (68) but is associated with an increase in the pulmonary concentration of antioxidant enzymes, such as manganese superoxide dismutase and glutathione reductase (67) .
Studies in rodents have shown important strain-dependent differences in susceptibility to hyperoxia. Exposure to Ͼ95% O 2 for 48 and 60 h results in larger pleural effusions with higher total protein content in Fischer rats compared with Sprague-Dawley rats (209) . Similarly, C57BL/6 mice are more susceptible to hyperoxia than C3H/HeJ mice. This difference in susceptibility has recently been linked to the Nrf2I gene (30) .
Advantages/disadvantages: the overall relevance of the hyperoxia injury model to human disease is a matter of controversy because exposure of humans to 100% oxygen for up to 3 days does not result in lung injury (12) . Furthermore, some studies suggest that BAL fluid from patients with ARDS has antioxidant activity and inhibits lipid peroxidation in vitro (129) , whereas other studies report the opposite effect (36). Despite these limitations, the hyperoxic model, with its welldefined exudative and proliferative phases, provides an excellent model to study lung repair following lung injury. This model is reproducible but requires specialized equipment and expertise to ensure the delivery of the appropriate concentration of oxygen.
Surfactant depletion by saline lavage. Basis for the model: the saline lavage model was developed by Lachmann et al. (124) in 1979 based on the observation that ARDS is associated with depletion of surfactant from the air spaces and reduced concentrations of surfactant-associated proteins in BAL fluid. In this model, warmed isotonic saline solution is instilled into the lungs and then removed by aspiration. The lavage is repeated until a target degree of hypoxemia is reached. Many groups have combined saline lavage with mechanical ventilation, and in many studies it is difficult to determine the extent to which the lung injury is caused by the saline lavage, by the mechanical ventilation, or both.
Mechanism: repeated lavage with saline reduces the surfactant lipid concentration in alveolar lining fluids, altering alveolar surface tension. Pulmonary surfactant is a complex mixture of phospholipids and proteins that has several important functions (88) . Surfactant decreases surface tension and prevents collapse of the alveolar spaces at low lung volumes. Surfactant proteins stabilize surfactant and modulate host defenses in the lungs (243) . Depletion of surfactant may be associated with lung injury by two mechanisms: first, by facilitating alveolar collapse and increasing the likelihood of mechanical injury to the alveolar walls during repeated cycles of opening/closure during mechanical ventilation, and second, by impairing alveolar host defenses. The administration of bovine surfactant and/or synthetic surfactant-related peptides attenuates the injury produced by saline lavage (35, 229) .
Characteristics of the model: saline lavage (0.9% NaCl) leads to almost immediate hypoxemia and widening of the A-a O 2 difference. These findings are rapidly reversible by recruitment maneuvers such as sustained inflation, suggesting that the gas exchange abnormalities reflect collapsed alveoli with otherwise intact alveolar walls (99, 182) . The saline lavage by itself has little consequence in terms of permeability changes or inflammation (71, 182) , although TNF-␣ is detectable in lavage fluid (98) . When saline lavage is followed by mechanical ventilation with high volumes and no PEEP, a type of lung injury results that is very similar to ARDS in humans. The lung injury is dependent on PMN and is characterized by increased protein permeability, PMN infiltration into the air spaces and interstitium, increased cytokine production, and hyaline membrane formation (99, 110, 124) . Mechanical ventilation alone, without previous saline lavage, can induce similar findings (53, 145, 220) . Instilling LPS into the air spaces intensifies the injury response to surfactant depletion (34). Rabbits subjected to lung lavage with 0.9% NaCl, five aliquots of 30 ml/kg each, followed immediately by instillation of 0.25 g/kg LPS, and then mechanical ventilation with 100% FI O 2 , develop minimal inflammation at 4 h but progress to significant neutrophilic alveolitis and protein-rich alveolar edema at later times (34).
Comparisons with human ALI/ARDS: surfactant depletion is an important feature of ALI/ARDS in humans, but unlike newborns, surfactant depletion in adults is usually a consequence rather than a primary cause of lung injury (164) . In ALI/ARDS, surfactant abnormalities occur because of injury of the alveolar epithelium and exudation of protein-rich edema fluid into the alveolar spaces. Saline lavage of the lungs results in surfactant depletion in the absence of major alveolar epithelial damage. Epithelial damage occurs only when the saline lavage is followed by an injurious ventilatory strategy. Therefore, surfactant depletion followed by mechanical ventilation simulates established ALI/ARDS and provides information about the consequences of surfactant depletion, but it is less useful in modeling the initial pathophysiological mechanisms that lead to ALI/ARDS. Advantages and disadvantages: the main technical disadvantage of the saline lavage model is that the animals require intubation, mechanical ventilation, and general anesthesia. The major advantage is that this model provides an ideal way to test the effects of different ventilatory strategies on the development of tissue injury because the tissue injury results more from the ventilatory strategy than from the saline lavage.
Mechanical ventilation. During the 1980s and 1990s, several studies showed that mechanical ventilation can produce lung inflammation and injury in animals, termed ventilator-induced lung injury (VILI) (49, 52). These studies provided the basis for a large multicenter study comparing different ventilatory strategies in patients with ALI/ARDS, which changed the clinical management of patients in intensive care units (215) . The mechanical ventilation model is the only model of lung injury that has affected clinical practice and improved survival in humans.
Most animal models of lung injury were developed by reproducing known risk factors for human ARDS. In contrast, VILI results from applying a treatment, mechanical ventilation. In humans with clinical risk factors for ARDS, mechanical ventilation is superimposed on an ongoing inflammatory process in the lungs. It is necessary to distinguish between ventilator-induced lung injury, in which mechanical ventilation is the sole method used to generate injury, and ventilator-associated lung injury, in which mechanical ventilation modifies lung injury due to a clinically relevant cause, such as acid aspiration or sepsis (66) .
Mechanism: the mechanism of VILI involves direct tissue damage due to mechanical stretch and activation of specific intracellular pathways involved in "mechanotransduction" (reviewed in Ref. 224 ). Overstretching of alveolar walls results in endothelial and epithelial breaks and interstitial edema (70) . Detachment of endothelial cells from the basement membrane and death of epithelial cell with denuding of the epithelial basement membrane become obvious after 20 min of mechanical ventilation with very high tidal volumes (produced by peak pressures of 45 cmH 2 O in rats) (51). However, the development of hyaline membranes and increased permeability require the presence of PMN, suggesting that in addition to mechanical damage, inflammatory damage is also necessary for mechanical ventilation to induce injury (110) . Mechanical cell deformation can be converted to biochemical changes, including production of proinflammatory cytokines (168, 225) and changes in lipid trafficking (226) . The inflammatory component of VILI remains controversial, as studies by Tremblay et al. (218a) showed increased production of inflammatory cytokines in lungs ventilated without PEEP, by a mechanism different from that of LPS (19) , whereas studies by Ricard et al. (178) have reported no association between VILI and production of proinflammatory cytokines in the same animal model.
One important aspect of mechanical ventilation-associated lung injury is that the role of stretch appears to be different in normal vs. inflamed lungs. For example, it is clear that in patients with ARDS, the use of high tidal volumes is associated with higher mortality (215) . However, patients requiring chronic ventilation for neuromuscular disease and normal lungs are routinely ventilated with large tidal volumes, e.g., 10 ml/kg or larger, yet they do not develop ALI. Recent studies have demonstrated that the combination of noninjurious mechanical ventilatory strategies with small doses of LPS or bacteria that cause minimal inflammation results in the development of a form of lung injury characterized by cytokine release, neutrophilic alveolitis, and protein leakage into the air spaces, showing that mechanical ventilation and bacterial products are synergistic in causing lung injury (4, 47, 154) . The signal transduction pathways activated by mechanical stretch and innate immunity that leads to lung injury need to be clarified.
Technical issues: mechanical ventilation models are challenging, particularly in small animals like mice. Several variables must be taken into account, including technical issues like the method of intubation (endotracheal vs. tracheostomy), the type of ventilator, the appropriate physiological monitoring, and the amount of fluid support. Endotracheal intubation avoids inflammatory responses associated with tracheostomy and can be achieved with practice. The animals must be anesthetized throughout the ventilation protocol, and this may make it difficult to determine whether the mice are alive or dead unless other variables such as blood pressure, heart rate, or end-dial CO 2 are monitored. Airway pressures should be monitored, as lung compliance can change as injury develops. Body temperature must be monitored and maintained within a narrow range because mice are extremely sensitive to temperature changes. PEEP can be generated with a PEEP valve attached to the end of the ventilator. Fluids can be delivered intraperitoneally either by injection or using an infusion pump. With adequate monitoring and support, mice can be ventilated for 8 h or longer (47).
Characteristics of the lung injury: the severity of lung injury depends on the ventilatory strategy, in particular the tidal volume delivered and the presence or absence of PEEP. Large tidal volume ventilation results in alveolar hemorrhage, hyaline membrane formation, neutrophilic infiltration, decreased compliance, and gas-exchange abnormalities (Fig. 3, E and F) . Mechanical ventilation at tidal volumes of 10 ml/kg and FI O 2 ϭ 0.21 is not injurious, but mechanical ventilation combined with low doses of LPS has a synergistic effect, resulting in neutrophilic alveolitis and increased alveolar permeability (3).
Advantages and disadvantages: the main advantage of the mechanical ventilation model is its clinical relevance, which is highlighted by the fact that this is the only model that has led to changes in clinical practice. The main disadvantage is the complexity of the model. Furthermore, animals such as mice can only be ventilated for relatively short periods of time, whereas patients require mechanical ventilation for days or weeks.
Intratracheal bleomycin. The bleomycin model is usually considered a model of pulmonary fibrosis, but its administration is also associated with features of ALI, and thus we will briefly review it here. The bleomycin model has been reviewed in more detail elsewhere in this series (143) . Bleomycin is an antineoplastic antibiotic drug isolated in 1966 from the actinomycete Streptomyces verticillus (222) . Bleomycin forms a complex with oxygen and metals such as Fe 2ϩ , leading to the production of oxygen radicals, DNA breaks, and ultimately cell death (26) . Bleomycin can be inactivated by bleomycin hydrolase, a cysteine protease that shows variable levels of expression in the lungs (194) . The susceptibility of the lungs to bleomycin-induced toxicity is largely dependent on the levels of expression of bleomycin hydrolase in the lungs; species with high levels of expression, such as rabbits, are relatively resistant to bleomycin-induced toxicity, whereas species with low levels of expression, such as C57BL/6 mice, are sensitive (126) . In addition to species-related differences in bleomycin susceptibility, there are also differences in strain susceptibility, with C57BL/6 mice being highly sensitive and Balb/c and C3H mice being resistant; however, the differences in strain susceptibility to bleomycin appear to be related more to differential expression of genes involved in apoptosis regulation or oxidative stress than to differences in the expression of bleomycin reductase (87) .
Bleomycin can be administered intravenously, intratracheally, intraperitoneally, or subcutaneously (143) . The intravenous model mimics the human clinical scenario but requires the administration of the drug twice per week for 4 -8 wk (1). In contrast, the intratracheal model requires the administration of one single dose of bleomycin (143) . It is important to emphasize that although both models result in lung injury and fibrosis, the site of initial injury is different: the endothelium is the primary target of intravenous bleomycin, and the epithelium is the primary target of intratracheal bleomycin. The dose response and pathological changes of the lung to intravenous bleomycin were first described in 1974, and we refer readers to the original Adamson and Bowden report (1) . Here we will focus on the intratracheal model, which is the most widely used due to its lower complexity and high reproducibility.
The administration of intratracheal bleomycin is followed by a well-described sequence of events. Within 24 h of bleomycin administration, there is an increase in BAL neutrophils, which then normalize towards day 11. The lymphocytic response follows, beginning around day 7 and persisting on day 11. The fibrotic response becomes detectable in tissues by day 11 and persists by day 20. As for cytokines, IL-1␤, KC, IL-6, TNF, and IL-1R1 peak between 6 and 63 h, TGF-␤ R1 and R2 peak towards day 7, and G-CF, GM-CSF, IFN-␥, and IL-4 peak towards day 14 (28, 76, 180, 246) . At the tissue level, the early phase is characterized by patchy neutrophilic alveolitis and the late phase by patchy areas of fibrosis, but there is no formation of hyaline membranes (Fig. 3, G and H) . The extent of fibrosis is proportional to the severity of the initial injury (197) . Thus, the bleomycin model is relatively technically easy, very reproducible, well standardized, and reproduces the pattern of ALI, with early inflammation that heals with fibrosis. The main disadvantage is that the physiological relevance of bleomycin is often questioned, with the argument that intratracheal instillation of bleomycin is an "overwhelming stimulus" that bears little relevance to the clinical setting. Despite these caveats, the bleomycin model remains one of the most commonly used models of ALI in mice.
Models Targeting the Epithelium and Endothelium
Ischemia/reperfusion models. Ischemia followed by reperfusion (I/R), either in the lungs or in distant vascular beds, can lead to lung injury. A classic form of injury secondary to lung I/R is the "reimplantation response," a form of lung injury following lung transplantation. The reimplantation response is characterized by non-cardiogenic pulmonary edema, inflammatory infiltrates, and hypoxia, and is unrelated to rejection (167, 199) . Lung injury is also associated with ischemia/ reperfusion at distant, nonpulmonary sites. For example, a 20 -40% incidence of ALI has been reported following repair of thoracoabdominal aortic aneurysms, which involves visceral ischemia and reperfusion (237) . This type of injury affects the alveolar epithelium and the capillary endothelium. It is unclear whether the epithelium and the endothelium are both injured simultaneously or whether the injury occurs primarily in endothelial or epithelial cells. Studies in humans and rabbits show that both types of cells have features compatible with apoptosis and necrosis (59, 186, 208) .
Pulmonary models of ischemia reperfusion: in pulmonary models of I/R, the lung is subjected to ischemia for varying periods of time before circulation is reestablished. The lungs are perfused by two separate vascular systems, the pulmonary circulation and the bronchial circulation. Ischemia can be produced by clamping the pulmonary artery, which preserves the bronchial circulation, or by clamping the hilum, which stops all circulation. In a variant of the lung I/R model, ischemia is achieved by lung collapse, followed by reexpansion (101) . Electron microscopic examination of cat lungs treated with 2 h of ischemia (inflated lungs) and 2 h of reperfusion shows structural damage of the alveolar endothelium and epithelium, with separation of type II cells from the basement membrane, thickened vascular endothelium, and disruption of the septal capillary wall (149) . An interesting feature of this model is that I/R of one lung results in inflammatory changes not only in the occluded lung but also in the contralateral lung (185) . The injury to the contralateral side, when present, is milder and characterized by permeability changes and PMN infiltration (84, 157) .
Five main variables must be considered in pulmonary I/R models: the inflation state of the lung (deflated vs. inflated), the extent of the ischemic bed (pulmonary, bronchial circulation, venous return), the duration of ischemia and reperfusion, the experimental preparation (in vivo vs. isolated perfused lungs), and the animal species.
Lung inflation: the extent of lung inflation during the ischemic period affects the severity of the injury. Occlusion of the pulmonary circulation for as long as 7 days results in minimal permeability changes and no macroscopic injury as long as the lungs are kept inflated (16, 94, 162) . In contrast, if the lungs are kept deflated during the ischemic period, the resulting injury is severe and characterized by hemorrhage, edema, and inflammation, and there is a marked decrease in bronchial blood flow (21) . Persistent lung inflation can also prevent reperfusion injury after interruption of both the pulmonary and bronchial circulation with a hilar clamp (85, 186) .
When lung ischemia is followed by reperfusion, inflation of the lung also is an important factor. Sakuma et al. (186) showed that in rabbits, 4 h of unilateral hilar occlusion with lung deflation followed by 1 h of reperfusion resulted in fulminant pulmonary edema and death. The development of injury in this model was prevented by inflation of the lungs, either with oxygen or nitrogen. Similar effects have been shown in dogs and rats (85, 227) .
Extent of the ischemic bed: because the lungs are perfused by two separate systems, the pulmonary circulation and the bronchial circulation, occlusion of the pulmonary artery alone results in milder injury than occlusion of both the pulmonary artery and the bronchial circulation (85, 161) . Reverse pulmonary venous flow from the left atrium can occur if the hilum is not clamped, leading to less injury than complete occlusion of the hilum (43, 84, 155) . The extent of ischemia is also affected by whether oxygenated air continues to ventilate the lungs while the circulation is blocked.
Duration of ischemic and reperfusion periods: although the effect of the duration of the ischemia and reperfusion periods is difficult to evaluate because of the many different protocols used, some generalizations can be made. Ischemia alone, in the absence of reperfusion, may or may not result in injury, depending on the extent of inflation of the ischemic bed (21, 94) . When ischemic time is varied (45 min to 4 h) and the reperfusion time remains constant, longer ischemic times result in worse lung injury (186, 227) . When the ischemic time is kept constant and the reperfusion time is varied (30 min to 2 h), the severity of injury increases with longer reperfusion times (113, 149) . Thus, ischemia and reperfusion times each affect the severity of the subsequent injury.
Experimental preparation: I/R can be performed either in vivo or in isolated lung preparations, and the experimental method does not seem to affect the development of injury. in vivo models allow the study of secondary changes in the contralateral lung.
Species variability: the results of I/R injury vary among species. Rabbits have been most widely used in pulmonary I/R models, followed by rats and dogs; sheep, pigs, cats, and ferrets have also been used. In the dog, the major change after lung reperfusion is a large increase in pulmonary postcapillary resistance (101) . In rats, pulmonary edema is due mostly to an increase in the permeability of the postalveolar venules (114) . Rabbits seem to be more sensitive than dogs to I/R. In summary, lung ischemia followed by reperfusion results in lung injury characterized by increased pulmonary vascular permeability and edema, PMN infiltration, and sometimes hemorrhage. The severity of injury is worse when the lungs remain deflated during the ischemic period and when the pulmonary and bronchial circulations are occluded together.
Nonpulmonary I/R: the nonpulmonary I/R model has been used mainly in rats and mice, although there are some studies in rabbits (8, 150) and sheep (116, 195) . Models differ in terms of the anatomic area subjected to ischemia, e.g., gut, liver, kidneys, lower torso, the duration of the ischemic period, and the duration of reperfusion. In general, the severity of lung injury is more closely related to the volume of ischemic tissue than to the duration of ischemia. Furthermore, the lung injury is mild and temporary unless a second intrapulmonary stimulus such as intratracheal LPS is added (120) .
Technical considerations: I/R in nonpulmonary vascular beds is generally achieved by isolating and clamping a specific artery for a period of time and then removing the clamp and restoring perfusion. The most commonly used vascular bed in large animals is the superior mesenteric artery, whereas in mice hindlimb ischemia has been achieved either by surgical occlusion of the supraceliac aorta or without surgery by applying tourniquets to the extremities (57, 73, 103, 116, 119, 237 ). These methods require that the animal be anesthetized. In abdominal I/R, the abdominal cavity is left open during the ischemic period and covered by a plastic wrap. At the end of the ischemic period, the clamp is removed, and reperfusion is initiated. Surgery can be avoided by applying tourniquets to the extremities to create variable periods of tissue ischemia.
Specific models: in nonpulmonary I/R models in rats, mice, sheep, and other species, reperfusion following ischemic periods ranging from 30 to 120 min is associated with a systemic response characterized by decreased cardiac output and hypotension, metabolic acidosis, and PMN activation (73, 119) (245). In the lungs, PMN sequestration begins within 90 min of reperfusion (245) and is followed 1 h later by increases in pulmonary microvascular permeability, which peak after 4 -6 h (119, 212). After 12-18 h, lung permeability returns to baseline levels (120, 212) . Lung histology shows microvascular sequestration of PMN and proteinaceous alveolar exudates (116) . The lung injury in this model depends on circulating PMN (132) .
The administration of 2.5 mg/kg iv LPS to rats 6 h after 45 min of mesenteric ischemia results in a more severe form of injury, with a sustained increase in alveolar permeability for up to 18 h following reperfusion, and the development of alveolar edema, alveolar hemorrhage, and fibrinous exudates (120, 212) . As in models of VILI, nonpulmonary ischemia and circulating LPS appear to have synergistic effects on the development of lung injury.
Advantages and disadvantages: the main advantage of the nonpulmonary ischemia reperfusion models is that they reproduce a known clinical phenomenon, the development of lung injury after intestinal or peripheral ischemia and reperfusion in humans. I/R can be performed in a variety of large and small animal species, including mice. However, when I/R of nonpulmonary beds is the only stimulus, the lung injury is mild, and secondary stimuli (such as LPS) are required to cause significant lung injury. Abdominal surgery is required in the intestinal I/R model, which induces an inflammatory response that must be controlled for in the experimental design.
Models of lung injury due to sepsis. Sepsis is one of the main risk factors for ARDS (95) , and many animal models of sepsis have been developed to study ALI. Three main strategies have been used to induce sepsis: 1) the administration of live bacteria, 2) the creation of an endogenous infection, e.g., cecal ligation and puncture, and 3) the administration of bacterial products, such as endotoxin. The following sections address models that use live bacteria, because LPS models have been discussed in Endotoxin. Important variables in live bacteria models of ALI include: the route of administration, the size of the bacterial inoculum, the bacterial species, and the animal species. In general, more severe responses are seen in species with PIM than in those without PIM.
Intravenous bacteria: intravenous bacteria can be administered as a bolus or as a continuous infusion. The administration of an intravenous bolus of bacteria is followed within an hour by an initial phase of hypotension and leukopenia, which can progress to septic shock, intravascular coagulation, and death if the inoculum is high. If the animals survive, the initial phase is followed between 1 and 3 h later by a brief period of hemodynamic stabilization and then by a phase of microvascular injury with PMN sequestration in the lungs, an increase in pulmonary microvascular permeability, interstitial edema, an increase in shunt fraction and pulmonary arterial pressure, and intravascular thrombosis (238) . However, the alveolar epithelium is relatively resistant to intravenous bacteria, and unless the inoculum is very high, there is little neutrophilic alveolitis or intra-alveolar edema formation (166, 239) . Thus, experimental bacteremia is not associated with the full histopathological picture of ARDS, including epithelial damage and hyaline membrane formation. In humans, the relationship between bacteremia, sepsis, and ARDS is not clear. Although sepsis is a major risk factor for ARDS, less than 50% of patients with clinically defined sepsis syndrome have detectable bacteremia, and when present, the bacteremia is usually less severe than that seen in most animal models (142) . Furthermore, bacteremia alone (in the absence of sepsis syndrome) is associated with an extremely low risk of ARDS (62) . Thus, the relevance of bacteremia models for human lung injury is unclear. Investigators have tried to address these concerns by inducing primary infections that lead to sepsis and lung injury.
Models of lung injury secondary to peritonitis: cecal ligation and puncture. Because many cases of human sepsis follow intraperitoneal infections (25) , animal models have been developed in which peritonitis is followed by sepsis and lung injury. Experimental peritonitis can be induced surgically by ligating and perforating the cecum (cecal ligation and puncture; CLP), or, alternatively, the bacteria can be incorporated into a carrier vehicle such as a fibrin clot or a sponge placed in the peritoneum (55, 135) . The inoculation of live bacteria directly into the peritoneal cavity is seldom used because the bacteria are either cleared rapidly by local host defense systems, or, if the inoculum is high, cause rapid death by sepsis (115) . In either case, there is very little lung injury.
CLP is the most widely used model of peritonitis. In CLP, the cecum is ligated and punctured three to five times with a needle. The severity of the injury depends on the number of holes in the cecum and on the size of the needle used to make the holes (228) . In contrast to models using LPS and live bacteria, in which the effects are almost immediate, the effects of CLP develop over days, and the onset is less abrupt. Leukopenia develops within 24 -30 h of surgery; pulmonary hypertension develops within 24 -30 h; and lung injury develops within 18 -72 h (79). The main features of CLP-associated lung injury are hypoxemia, neutrophilic inflammation, and interstitial and alveolar edema (77, 128, 223) (Fig. 5 ). Blood cultures are usually positive for multiple organisms, the most common being enteric gram-negative rods such as serratia, enterobacter, and bacteroides species (77) . Mortality is high, ranging from 25% at 18 h to 70 -90% within 30 h of the operation (79, 223) .
Thus, CLP results in mild lung injury similar to ALI/ARDS, although with less impressive intra-alveolar inflammation and hyaline membrane formation. It is probably the single best animal model of sepsis and organ injury, but the main disadvantage is the requirement for major surgery. In addition, the actual bacterial inoculum in CLP is unknown, and the model could be affected by differences in colonic flora among animals, resulting in significant variability.
Local administration of live bacteria into the lungs: pulmonary infections are the main risk factor of ALI/ARDS in 46 -51% of patients (184) . In animals, local administration of bacteria into the lungs can be achieved by using an intratracheal catheter, by transtracheal instillation, by direct intrabronchial instillation using a bronchoscope, or by aerosolization (64, 86, 147) . Intratracheal instillation of bacteria results in a localized area of pneumonia, whereas aerosolization results in diffuse infection (Fig. 3, E and F) . Aerosolization has two main advantages: there is no need to anesthetize the animal, and a large number of animals can be treated simultaneously in an aerosol chamber (179) . A recent article in this series has extensively reviewed animal models of pneumonia (140) , and, therefore, here we will only present a very succinct commentary of some key features of this model.
The local administration of bacteria results in pneumonia, and, depending on the size of the bacterial inoculum, systemic manifestations of sepsis. In rabbits, the intrapulmonary instillation of Escherichia coli at doses ranging from 1 ϫ 10 7 to 1 ϫ 10 10 CFU/ml into the right lower lobe via a catheter produced local and systemic inflammatory responses (64) . At low bacterial doses, the systemic changes were minimal. At high bacterial doses, the animals developed severe localized pneumonia with epithelial injury and empyema and severe systemic manifestations including shock (64, 240) . Interestingly, bacterial pneumonia due to Pseudomonas aeruginosa and also to E. coli is associated with an increase in alveolar fluid clearance, indicating that alveolar epithelial function is partly preserved (177, 210) . Histologically, the intratracheal administration of bacteria results in localized pneumonia (rather than ARDS) in the instilled lung. However, unilateral administration of bacteria can result in lung injury in the contralateral lung, depending on the bacterial dose. In rats, the administration of 1 ϫ 10 6 CFU/ml P. aeruginosa to the right lung results 4 h later in an ipsilateral increase in inflammatory cytokines (TNF-␣ and CINC) but not in neutrophil sequestration or permeability changes (214) . A higher dose, 1 ϫ 10 7 CFU/ml, results in bilateral increases in permeability and PMN sequestration as well as an increase in plasma cytokines. Lungs from mice following sham surgery (left) or from mice subjected to 90 min of hemorrhagic shock (MAP ϭ 30 mmHg) followed 24 h later by CLP (right). The lungs were stained for neutrophil-specific esterase (red).
[From Lomas-Neira et al. (128) .]
SUMMARY AND CONCLUSIONS
In summary, this review discusses several animal models of ALI with the goal of helping investigators choose the model best suited to specific scientific questions. Important information has been derived from each of these animal models. However, none of these models of ALI adequately reproduces the full characteristics of human ALI/ARDS, namely an acute neutrophilic alveolitis with hyaline membrane formation and intravascular microthrombi, and, therefore, the choice of a particular model should be made after considering the specific features of each model.
Several limitations are common to all models of ALI. Most models are based on one, or, at most, two methods to cause injury. However, human ALI/ARDS is seldom caused by any single event. More often, ARDS in humans is associated with complex interactions between primary risk factors such as sepsis and oropharyngeal aspiration; comorbidities, such as diabetes, alcoholism, and underlying lung disease; and additional factors inherent to the host, such as genetic determinants. Another shortcoming of animal models is that interspecies variability in innate immunity and other responses may affect the relevance of animal data for humans. Finally, most models target a primary tissue, the alveolar epithelium, the alveolar endothelium, or both, but the primary target tissue in human ALI/ARDS remains unknown. These shortcomings, alone or in combination, are probably responsible for the fact that animal models have often yielded different or even contradictory results and that therapeutic approaches effective in animals are not always successful in humans. However, despite these limitations, studies using animal models of ALI/ARDS remain essential because at the present time there is no substitute for animal models as tools to generate information about the pathophysiology of lung injury and to test novel therapeutic interventions in complex biological systems.
To overcome these shortcomings, investigators must pay special attention to choosing the model best suited to test their hypothesis and should be aware of the differences between the model used and human ALI/ARDS. Of the models discussed in this review, the models that most consistently approach the features of human ARDS, at least those observed during the acute phase, include oleic acid instillation, acid aspiration, and hyperoxia. Unfortunately, only a fraction of cases of ARDS is caused by long bone trauma (modeled by oleic acid instillation), humans seldom aspirate gastric juice with pH 1.5 or less, and hyperoxia has not been shown to cause ALI/ARDS in humans (42). Surfactant depletion by saline lavage results in a decrease in lung compliance and hypoxemia, but not in alveolar epithelial injury or neutrophilic alveolitis unless a second injury, such as bacterial endotoxin or mechanical ventilation, is added. Sepsis is one of the most common causes of ARDS in humans, but attempts at modeling sepsis by treating animals with bacteria or bacterial products systemically is usually associated with only mild alveolar neutrophilia and minimal changes in alveolar-capillary permeability.
Because of the difficulties in modeling human ALI/ARDS in animals, and because of differences among species, extrapolating the results of animal studies to humans must be done with a great deal of care. Ideally, findings from animal models should be reproduced in more than one mammalian species before human experimentation. This is particularly relevant for studies in mice, which differ in important ways from humans, as described in UNIQUE CHARACTERISTICS OF ANIMAL SPECIES IN MODELING HUMAN LUNG INJURY. In addition, scientific reports should pay special attention to describing the actual features of the "lung injury" observed in the model, including measurements of alveolar-capillary permeability and the inflammatory response.
In conclusion, studies in animal models are essential to our understanding of the pathophysiology of ALI and the development of novel therapeutic strategies for human ALI/ARDS even though none of the animal models available fully reproduces the findings of human disease. Further attempts to develop standardized criteria for defining lung injury in animals would help in the selection of animal models for specific experimental protocols and improve the usefulness of data generated in different animal models of lung injury.
